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Answer: It is defined as the decay rate R  of a sample (or defined as the number of disintegration per 

unit time). Its SI unit is in Becquerel (Bq), named for Henri Becquerel, the discoverer of 

radioactivity. 

 

Note that: (a) 1 Bq = 1disintegration per second (s) = 1 dis/s. 

                  (b) An older unit, called Curie (Ci), is still in common use:  

                       1 Ci = 3.7×10
10

 Bq  

                              = 3.7×10
10

 dis/s. 

  

Q4: Define the half-life 2/1t  of a radionuclide. 

Answer: It is defined as the time required at which both N  and R  are reduced to one-half of their 

initial values (see Fig. 1). 

 

Q5: Define the mean life   of a radionuclide. 

Answer: It is defined as the time required at which both N  and R  are reduced to 1e  of their initial 

values. 

 

Q6: How can we relate 2/1t  to ?  Derive a formula for this relationship.  

Answer: We put 0
2

1
RR   in Eq. (5) and substitute 2/1t  for .t  Solving for 2/1t  we get: 

2/12/12/1 2
2

1

2

1
00

ttt
eeeRR





 

Taking the natural logarithm of both sides and solving 
 

 for 2/1t  we find:
 
 




693.02ln
2ln 2/12/12/1  ttt  

 

 

                                                                                                          Fig. 1 

Q7: How can we relate   to ?  Derive a formula for this relationship. 

Answer: We put 
1

0

 eRR  in Eq. (5) and substitute   for .t  Solving for   we get: 


 1

11

0

1

0   eeeReR  

 

 

Q8: How can we relate 2/1t  to ?  Derive a formula for this relationship. 

Answer: From the result of Q7, we have:      ).(..........
1

a


   

Multiplying both sides of Eq. (a) by 2ln  we obtain:     ).(..........
2ln

2ln b


   

From the result of Q6, we have:      ).(..........
2ln

2/1 ct


  

Equating Eq’s. (b) and (c), we get:  ).7(..........2ln2ln
2ln

2/12/1 


 tt
 

 

 



2. Alpha decay    

3. Most nuclides with 150A  undergo alpha decay. If a nucleus undergoes alpha decay, it transforms 

to a different nuclide by emitting an alpha particle, i.e., 

                                 )8(...........)He( 4

2

4

2  QDP N

A

ZN

A

Z  



  

where N

A

Z P  is the parent nucleus, 2

4

2 



 N

A

Z D  is the daughter nucleus and Q  is the  disintegration 

energy (or  decay energy). For example, when uranium 
238

U undergoes alpha decay, it transforms 

to thorium 
234

Th, i.e.,      )9(...........)He(ThU 4234238

 Q
 

4. Note that the conservation of momentum and energy requires the following: 

)10(............0  PPPPPPP DDDP   

  )11(...........)()(

)()(

222

22222

cMMMQQcMMcM

TTcMMcMTcMTcMcM

DPDP

DDPDDP









 

Here ,PM  DM  and M
 
are nuclear masses (in atomic mass unit = u) of parent nucleus, daughter 

nucleus, and alpha particle. 

         DT  and DP
 
are  the kinetic energy and momentum of daughter nuclei. 

         T  and P
 
are  the kinetic energy and momentum of alpha particle. 

         PP
 
is the momentum of parent nucleus. 

 

 

 

 

 

 

               

 

 

 

 

 

Fig.2: Alpha decay of a nucleus (a) Energy diagram, (b) Momentum diagram (see Meyerhof book). 

     

5. Eq. (10) can be also rewritten as    )12(...........)2,4(),(5.931  MZAMZAMQ DP   

 

6. Alpha decay can occur spontaneously (without an external source of energy) because the total mass 

of the decay products (i.e., the daughter nucleus and alpha particle) is less than the mass of the 

original nuclide (i.e., the parent nucleus). Thus the total mass energy of the decay products is less 

than the mass energy of the original nuclide. 

 

7. The decay energy Q  can be determined either by Eq. (12) or by  )13(.......... TTQ D    

Thus Q  is defined as the sum of the resultant kinetic energies DT  and T  (see Eq. (13). 

8. The kinetic energies DT  and T  are small enough so that nonrelativistic expressions may be used to 

evaluate them, i.e.,  
D

D

D

D

D

D
D

M

VM
T

M

P
T

M

P
T

2
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22

222

   

 



            )14(..........
2

2


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M
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M
T

D

D

D

D   

Use Eq. (14) in Eq. (13), we get:    





 T
M

M
QTT

M

M
Q

DD










 1  

)15(..........
4
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A

A
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




 
  

where A  is the mass number of the parent. The alpha particle kinetic energy T  is always less than 

the decay energy .Q  It is clear from the above consideration that alpha decay cannot take place 

unless Q  is positive. 

9. Referring to the definition of alpha separation energy S  (see lecture notes of chapter 2), we see 

from Eq. (12) that     )16(...........)2,4(),(5.931  SQMZAMZAMQ DP   

10. Referring to Eq. (16), Q
 
can be related to the binding energies of the nuclei as 

)17(...........),()2,4()2,4( ZABBZABQ PD    

11. From Eq. (17) we can see that whenever the daughter nucleus )2,4(  ZA  is magic (i.e., it has a 

large binding energy), the alpha decay energy is particularly high. Conversely, whenever the parent 

nucleus ),( ZA  is magic, the alpha decay energy is particularly low. 

Solved problems: 

Q9: If the atomic masses for 
238

U = 238.05079 u, 
234

Th = 234.04363 u, and 
4
He = 4.00260 u. Calculate 

the energy released during the alpha decay of 
238

U. 

Answer: The decay process is given by:   He.Th U 4

2

234

90

238

92   

Using the given atomic masses in Eq. (12), we get: 

 

    MeV.25.400456.05.931 4.00260  234.04363 238.050795.931

)2,4(),(5.931





uuuuQ

MZAMZAMQ DP





 

Q10: If the atomic masses for 
238

U = 238.05079 u, 
237

Pa = 237.05121 u, and 
1
H = 1.00783 u. Show that 

238
U cannot spontaneously emit a proton. (Pa is the symbol for the element protactinium with Z=91) 

Answer: If this happened, the decay process is:   H. PaU 1

1

237

91

238

92   

Using the given atomic masses in the following Equation, we get:  

 

    .MeV68.700825.05.931 1.00783  237.05121 238.050795.931

proton   theof mass  atomic   theis )1,1( where,)1,1()1,1(),(5.931





uuuuQ

mmZAMZAMQ PPDP





 

It is clear that the mass of the two decay products (237.05121 u + 1.00783 u) is larger than the mass of 
238

U by ,00825.0 um   with decay energy 68.7Q  MeV. The minus sign indicates that we must 

add 7.68 MeV to a 
238

U nucleus before it will emit a proton. Thus the nucleus 
238

U cannot spontaneously 

emit a proton. 



سيانبت  Q  يوجبت فأٌ انُواة الأو يًكٍ اٌ حكوٌ باعزت نجسيمًاث انايا بليكم حهييااما اييا اذا كاَيج Qاذا كاَج  :ملاحظة

انُواة الأو لايًكٍ اٌ حكوٌ باعزت نجسمًاث اناا بلكم حهياامافأٌ 
 

Q11: If the atomic masses for
 224

Ra = 224.020217 u, 
220

Rn = 220.011014, and 
4
He = 4.002603 u. Find 

the kinetic energies T  and DT  during the alpha decay of 
224

Ra. (Here Ra 
 
Radium and Rn   Radon) 

Answer: The decay process is given by:   He.Rn Ra 4

2

220

86

224

88   

Using the given atomic masses in Eq. (12), we get: 

 

  MeV.148.6 4.002603  220.011014 224.0202175.931

)2,4(),(5.931





uuuQ

MZAMZAMQ DP





 

Using Eq. (15), we get: 

 .MeV038.6148.6
224

42244

4









  TTQ

A

A
TT

A

A
Q  

 Using Eq. (15), we get: .MeV11.0038.6148.6  DDDD TTTQTTTQ   

3. Beta decay 

12. The beta decay is a radioactive decay in which a proton in a nucleus is converted into a neutron (or 

vice-versa). Thus A is constant, but Z and N change by 1. In the process the nucleus emits a beta 

particle (either an electron or a positron) and the neutrino, which is a virtual massless particle. 

13. Mostly nuclei with an excess of neutrons will decay by β
−
 while nuclei with an excess of protons will 

either decay by β
+
 or if surrounded by atomic electrons (such as, k-shell electron), decay by electron 

capture. 

3.1. Types of beta decay 

     There are 3 types of beta decay: 

a) β
− 

decay (or negative beta decay):   .11 vYX N

A

ZN

A

Z  

   

The underlying reaction for β
− 

decay is vpn    that corresponds to the conversion of a 

neutron into a proton with the emission of β
−
 and an anti-neutrino (v ). 

Examples: .,, 34

64

3035

64

293

6

34

6

27

14

78

14

6 vZnCuvLiHevNC     

 

b) β
+ 

decay (or positive beta decay):    .11 vYX N

A

ZN

A

Z  

   

The underlying reaction for β
+ 

decay is vnp    that corresponds to the conversion of a 

proton into a neutron with the emission of β
+
 and a neutrino ( v ). 

Examples: .,, 7

13

66

13

77

14

76

14

85

10

54

10

6 vCNvNOvBC     

 

c) electron capture:    .11 vYeX N

A

ZN

A

Z  


 

The underlying reaction for electron capture is vnep  
 that corresponds to the 

conversion of a proton into a neutron with the emission of a neutrino ( v ). 



Examples: .,, 7

13

66

13

77

14

76

14

85

10

54

10

6 vCeNvNeOvBeC  

 

      3.2. Neutrino hypothesis 

All difficulties concerning the conservation laws were overcome by the neutrino hypothesis of 

Pauli (1933). He proposed that another particle, besides the electron/positron (β±
), is emitted in 

beta decay. To this particle (i.e., the neutrino), Pauli assigned zero charge, zero or nearly zero 

mass ( 2000/mm e ), and an intrinsic spin angular momentum .2/1   It carries off energy and 

linear momentum. It has nearly the same velocity of light. It does not interact with matter. 

      3.3. Conservation laws 

a) Energy conservation: As the neutrino is hard to detect, initially the beta decay seemed to violate 

energy conservation. Introduction an extra particle (the neutrino) in the process allows one to 

respect conservation of energy. The kinetic energy ( Q ) is shared by the neutrino and the 

electron/positron (β±
). Then, the β±

 (remember, the only particle that we can really observe) does 

not have a fixed energy, as it was for the gamma photon. Thus it will exhibit continues spectrum 

of energy as well as a distribution of momenta. Note that the difference between the spectra of the 

β
±
 particles is due to the Coulomb repulsion or attraction from the nucleus. 

      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: Beta decay spectra: Distribution of momentum (top plots) and kinetic energy (bottom) for 

β
−
 (left) and β

+
 (right) decay. 

 

b) Momentum conservation: The momentum is also shared between the electron/positron (β±
) and 

the neutrino. Thus the observed (β±
) momentum distribution ranges from zero to a maximum 

possible momentum transfer. 

 

 

 

 

 

 



 

Q12: How does the linear momentum remain conserved by the 

following beta decay vCN  7

13

66

13

7 ? Explain in brief. 

 

6 اٌ َواحج ححهم: الجواب                             

13

7 N 7هم  انساكُت

13

6 C  و  اَظر انى(Fig. 4ا يٍ انواضح) 

7اٌ يحصييهت انييالى انللييم نهجسييمًخمٍ                             

13

6 C  و                ٌلاحسيياوص رييارا فييم بييمٍ يجيي  ا

6حساوص                   حساوص رار لأٌ 

13

7 N  قد ححههج وهم ساكُت يًيا ينُيم اٌ ملً يا انلليم قبيم انخحهيم

كيياٌ رييارا             كيياٌ رييارا ونكييم يبيييى انييالى انللييم يحاو ييا لابييد يييٍ اَبنيياد جسييمًت رانزييت ملً ييا 

7نادل          انللم ينادل ويناكس يحصهت ملًم انللم ي

13

6 C  و ( وكًا يوضح فم انلكمFig. 4ا) 

 

c) Angular momentum conservation: Both the electron/positron (β±
)          

and the neutrino have spin 1/2. 

 

  

Q13: How does the angular momentum remain conserved by the                     Fig. 4 

beta decay? Explain in brief. 

 

 1/2وانبروحييوٌ وانُمخييروٌ يسيياوص  انييالى انييااوص نكييم يييٍ الانكخييروٌ ه ينييروج جمييدا بييأٌاَيي: الجووواب

(Se=Sp=Sn=1/2)نرا فأٌ انالى انااوص فيم انًنيادنخمٍ ا vpnvnp    or    ,  ٌسيمكو

 انخحهما اص اٌ:عًهمت بند   انااوص انالىيساوص لا بمخا ححهمعًهمت قبم  انااوص غمر يحاو  بمذ اٌ انالى

1,02/12/12/12/1

1,02/12/12/12/1

















pnor

np
 

( او vانُمخريُيو ) حسيًىُبنيذ جسيمًت راحزيت حٌ نيرا يجي  ا ونكم يكوٌ انالى انااوص ننًهمت ححهم بمخا يحايو 

 ا1/2ملً ا انااوص يساوص  يكوٌ وانخم ياخرض اٌ( vضديدها )

 

3.4. Energy of Beta decay ( Q )  

a) Energy of β
− 

decay ( 
Q ): It is the sum of the kinetic energies ,DT  

T  and ,vT  i.e., 

.vD TTTQ   
 But 0DT  because DM  is very large, thus

 
)18(...............vTTQ   

 

It is also given by the mass difference of isobars, i.e.,   

                                                           
  )19(................)1,(),(5.931 vDP TTZAMZAMQ   

  

Note that PM  and DM  are in atomic mass unit (u). 

 

b) Energy of β
+ 

decay ( 
Q ): Similarly )20(.........vvD TTQTTTQ   

            

And we can also write:                )21(.........2)1,(),(5.931 veDP TTmZAMZAMQ   
 

Note: In Eqs (19) and (21), PM  and DM  are in atomic mass unit (u). 

 

c) Energy of Electron capture ( ceQ . ): It is the sum of the kinetic energies DT  and ,vT  i.e.,  

                                                )22(.................. vcevDce TQTTQ    

And also given by    )23(................)1,(),(5.931. vDPce TZAMZAMQ   

 



Subtracting Eq. (21) from Eq. (23), we get: 

  

)24(.......MeV022.1)2(5.931)2(5.931 ...   
QQmQQmQQ ceeceece  

Note: Eq. (24) gives the conclusion that the energy released in electron capture is larger than that 

in β
+
 decay, i.e., 


QQ ce.

. 

 

Q14. If the atomic masses for 35

64

29Cu  = 63.929759 u, 34

64

30 Zn  = 63.929145, and 36

64

28 Ni  = 63.927958. 

Show that the parent nucleus 35

64

29Cu  can decay by β
-
, β

+
 and electron capture, i.e., It decays, 

respectively, by: ,34

64

3035

64

29 vZnCu    ,36

64

2835

64

29 vNiCu    and      

.36

64

2835

64

29 vNieCu  
 

Answer: u 

Using Eqs (19) we get:   573.0u63.929145u63.9297595.931 
Q  MeV 

Using Eqs (21) we get:   656.02u63.927958u63.9297595.931  emQ  MeV 

Using Eqs (23) we get:   678.1.1u63.927958u63.9297595.931. ceQ  MeV 

As the decay energies ,
Q ,

Q  and ceQ .  have positive value, thus 35

64

29Cu can decay by the three 

methods. 

3.4. Classification of beta decay: 

 It is well known that both electron and neutrino have intrinsic spin .
2

1





  ss  Depending on the 

total spin angular momentum  ssS


  of electron-neutrino pair; there are two types of 

classifications: 

a) Fermi decay: The electron-neutrino pair has a total spin .0S


 Here s


 and s


 are in opposite 

directions.  

b) Gamow-Teller decay: The electron-neutrino pair has a total spin .1S


 Here s


 and s


  are in 

the same direction. 

Note: If the total orbital angular momentum of electron-neutrino pair is ,L


 then we have: 

 Decays with 0L


 are called allowed. 

 Decays with 1L


 are called first forbidden. 

 Decays with 1L


 are called second forbidden, etc. 

 

3.4.1. Selection rules for beta decay 

a) Conservation of angular momentum: 

 )25(............. LSILSIILSII DPDP


  

b) Conservation of Parity: 

)26(....................)1(. 
L

DP   

3.4.2. Outline for classification beta decays 



a) Determine L


 by Eq. (26).  

Eg. 1: If P  and .D  Answer: ...,3,1)1(.)1(.  
 L

LL

DP  

Eg. 2: If P  and .D  Answer: ...,3,1)1(.)1(.  
 L

LL

DP  

Eg. 3: If P  and .D  Answer: ...,2,0)1(.)1(.  
 L

LL

DP  

Eg. 4: If P  and .D  Answer: ...,2,0)1(.)1(.  
 L

LL

DP  

 

b) Determine I  by the vector addition rule: )27(............DPDP IIIII


  

Eg. 1: If 3


PI  and .2


DI  Answer: Use the rule of Eq. (27), we can get:  .5,4,3,2,1


I  

Eg. 2: If 
2

1



PI  and .

2

1



DI  Answer: Use the rule of Eq. (27), we can get: .1,0


I  

c) Determine S


 by substituting the obtained values of I  and L


 in Eq. (25). To determine the 

predominant decay mode (i.e. the more probability decay), we must take the smallest value of 

.L


 

 

3.4. 3. Solved problems 

Q15. Classify the following beta decay: .....,)1()0( 3

6

34

6

2  

DP ILiIHe  and hence find 

the predominant decay mode.  

Answer: It is clear that the neutron number in the initial nucleus ( 4

6

2 He ) is larger by one than that 

of the final nucleus ( 3

6

3 Li ), i.e., we have the decay: .vpn    Thus 4

6

2 He  decays by 
  as: 

vLiHe  3

6

34

6

2 . 

1) From the transition :10    We have ...,2,0)1(.)1(.  
 L

LL

DP  

2) From the rule :DPDP IIIII



 
We can get .1


I  

3) Substitute 0L


 (allowed) and 1


I  in , LSI


  we get: 101


  SS                  

(i.e., Gamow Teller decay). 

 The predominant decay mode is allowed, Gamow Teller decay, 
  decay.  

 

Q16. Classify the following beta decay: .....,)0()0( 7

14

76

14

8   NO  and hence find the 

predominant decay mode.  

Answer: It is clear that the proton number in the initial nucleus ( 6

14

8 O ) is larger by one than that of 

the final nucleus ( 7

14

7 N ), i.e., We have the decay: .vnp    Thus 6

14

8 O  decays by 
  as: 

vNO   )0()0( 7

14

76

14

8 . 

1) From the transition :00    We have ...,2,0)1(.)1(.  
 L

LL

DP  

2) From the rule :DPDP IIIII



 
We can get .0


I  

3)  Substitute 0L


 (allowed) and 0


I  in , LSI


  we get: 000


  SS  

(i.e., Fermi decay). 



 The predominant decay mode is allowed, Fermi decay, 
  decay. 

 

Q17. Classify the following beta decays: 

.....,)0()3( 5

10

56

10

4   BBe  

.....,)2/3()2/3( 18

35

1719

35

16   ClS  

 .....,)2/5()2/1( 51

91

4052

91

39   SrY  

.....)2()2( 20

38

1821

38

17   ArCl , 

and hence find the predominant decay modes. 

 

4. Gamma decay 

14. If the initial excited (the parent) nucleus has a mass ),(*

/ ZAM Pi  and the final state (the daughter) 

nucleus has a mass ).,(/ ZAM Df  The conservation of energy and momentum require that 

)28(................),(),( /

2

/

2*

/ DfDfPi TEcZAMcZAM  
  

and    )29(..................0 / DfPP


    

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: Gamma decay of a nucleus (a) Energy diagram (b) Momentum diagram. 

 

where E  and P


 are the energy and momentum of gamma ray, DfT / and DfP /


 are the kinetic energy 

and momentum of the daughter nucleus. DfT /  is negligible because it is very small compared with 

.E   

15. Gamma decay energy ( Q ) is defined as   )30(........),(),(5.931 /

*

/  EZAMZAMQ DfPi   

16. Gamma ray has a discrete energy spectrum. 

4. 1. Selection rules for gamma decay 

a) Conservation of energy requires                                                    

  )31(.......),(),(5.931 /

*

///  EZAMZAMEEQ DfPiDfPi   

where PiE /  is the energy of initial excited (the parent) nucleus, 

and DfE /  is the energy of final state (the daughter) nucleus. 

                                                                                           

 

 

Fig. 6 



b) Conservation of angular momentum requires 

DfPiDfPiDfPi IILIIIIL ////// 


  

or   )32(.....................,1, ////// DfPiDfPiDfPi IIIIIIL   

where L


 is the multipolarity of gamma ray, 
PiI /


 and DfI /


 are the total angular momenta of initial 

state (parent nucleus) and finial state (daughter nucleus), respectively. 

 

c) Conservation of parity requires: 
L

DfPi )1(.. //      for electric multipole radiation       )33(........  
1

// )1(..  L

DfPi    for magnetic multipole radiation    )34(........  

 

Notes:   

1. The Number of pole is given by .2L
 

2. For a given multipolarity ( L ), the probability of emitting an electric radiation ( EL) is larger 

than that of magnetic radiation ( EL), i.e., MLEL . 

3. We have also: )35(...............44332211 MEMEMEME   

4. E1 is the electric dipole, M1 is the magnetic dipole, E2 is the electric quadrupole, M2 is the 

magnetic quadrupole, E3 is the electric octopole, M2 is the magnetic octopole, E4 is the 

electric 16-pole, and M4 is the magnetic 16-pole….. etc. 

5. No gamma decay for the transition :00    Because Eq. (32) gives only .0L  Thus the 

number of poles = .,122 0 L
i.e., there is no electromagnetic multipole moments in which 

it follows that there is no emitted gamma radiation. 

4. 2. Solved problems  

Q18. Classify the possible multipole radiations of the gamma decay (or gamma transition): 

,2/12/9    and hence find the predominant decay mode. 

Answer:  

1) Use the selection rule of Eq. (32) we get:  .5,42/12/92/12/9  LL  

2) Eq. (33) is applicable only for ,5L  i.e.,  5)1(. the sign of LHS = the sign of 

RHS. Thus the gamma decay (gamma transition) is electric of type .5E  

3) Similarly, Eq. (34) is applicable only for ,4L  i.e.,  14)1(. the sign of LHS = the 

sign of RHS. Thus the gamma decay (gamma transition) is Magnetic of type .4M  

4) The possible multipole radiations of the gamma decay are 4M  and .5E   

5) With the help of Eq. (35), the predominant decay mode is .4M  

 

Q19. Classify the possible multipole radiation of the gamma transition: ,13    and hence find 

the predominant decay mode. 

Answer: We can repeat the steps mentioned in Q18 and find the following: 

1) From Eq. (32) we get: .4,3,21313  LL  

2) Eq. (33) is applicable only for .4,2L  Thus we get electric transition of type 2E  and .4E  

3) Eq. (34) is applicable only for .3L  Thus we get magnetic transition of type .3M  

4) The possible multipole radiations of the gamma transition are ,3,2 ME   and .4E  

5) With the help of Eq. (35), the predominant decay mode is .2E  

 



Q20. Classify the following gamma decays: 

         
  00)(,12)(,2/12/5)(,01)(,02)( edcba  and hence 

find the predominant decay modes. 

4. Internal conversion 

17. It is defined as the process of ejecting the k or l atomic electron when gamma photon, emitted by an 

excited nucleus, is absorbed by that atomic electron. 
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